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Quantifying
  the
  various
  components
  of
  evapotranspiration
  during
  sprinkler
  irrigation
  is
  not
  only
  chal-
lenging
  but
  also
  difﬁcult
  to
  measure
  and
  validate
  using
  traditional
  methods.
  In
  this
  paper,
  measurements
of
  the
  varying
  rates
  of
  ET
  using
  precision
  energy
  budget/eddy
  covariance
  measurements
  and
  sapﬂow
  in
cotton
  before,
  during
  and
  after
  sprinkler
  irrigation
  are
  reported.
  The
  trials
  were
  carried
  out
  at
  a
  small
scale
  using
  small
  impact
  type
  sprinkler
  irrigation
  system.
  Nondimensionalisation
  of
  the
  measured
  ET
  and
sapﬂow
  rates
  with
  respect
  to
  atmospheric
  evaporative
  demand
  permitted
  superposition
  and
  averaging
of
  multiple
  time
  series
  of
  data
  for
  each
  of
  the
  three
  phases
  of
  irrigation.
Signiﬁcantly
  higher
  values
  of
  evaporation
  and
  reduced
  values
  of
  sapﬂow
  were
  measured
  during
  sprin-
kler
  irrigation
  of
  the
  cotton
  crop.
  The
  reason
  for
  the
  higher
  rate
  of
  evaporation
  during
  irrigation
  was
identiﬁed
  as
  the
  evaporation
  of
  intercepted
  water
  on
  the
  canopy,
  which
  varied
  with
  crop
  canopy
  devel-
opment,
  and
  possibly
  some
  droplet
  evaporation
  during
  ﬂight.
  A
  decreasing
  rate
  of
  evaporation
  following
irrigation
  represented
  drying
  of
  the
  residual
  intercepted
  water
  remaining
  on
  the
  canopy
  after
  irrigation.
Sapﬂow
  measurements
  showed
  a
  considerable
  reduction
  in
  transpiration
  during
  irrigation
  and
  indi-
cated
  that
  canopy
  evaporation
  is
  the
  dominant
  component
  of
  total
  evapotranspiration
  during
  sprinkler
irrigation.
© 2013 Elsevier B.V. All rights reserved.
1.
  Introduction
Sprinkler
  irrigation
  is
  becoming
  a
  preferred
  method
  as
  the
water
  available
  for
  irrigation
  around
  the
  world
  becomes
  increas-
ingly
  scarce,
  especially
  in
  arid
  and
  semi-arid
  regions.
  However,
evaporation
  losses
  during
  sprinkler
  irrigation
  are
  assumed
  to
  be
high
  by
  many
  in
  the
  irrigation
  community
  leading
  to
  reduced
rates
  of
  adoption.
  Not
  all
  is
  known
  about
  the
  fate
  of
  the
  irrigation
water
  as
  it
  travels
  from
  the
  sprinkler
  nozzle
  and
  is
  ultimately
utilised
  by
  the
  crop
  or
  lost
  as
  evaporation.
  Notwithstanding
  all
the
  research
  to
  date,
  the
  phenomena
  of
  aerial
  evaporation
  of
droplets
  and
  canopy
  evaporation,
  including
  their
  relationships
  to
other
  soil–plant–atmospheric
  processes,
  have
  not
  yet
  been
  com-
pletely
  understood,
  and
  hence,
  more
  work
  is
  needed
  to
  completely
describe
  the
  process
  (De
  Wrachien
  and
  Lorenzini,
  2006).
Much
  of
  the
  previous
  work
  (e.g.
  Yazar,
  1984;
  Tarjuelo
  et
  al.,
2000;
  Playan
  et
  al.,
  2005)
  has
  focused
  on
  quantifying
  the
  droplet
evaporation
  losses.
  A
  limited
  number
  of
  studies
  (Thompson
  et
  al.,
1993a,b,
  1997;
  Tolk
  et
  al.,
  1995;
  Martinez-Cob
  et
  al.,
  2008;
Stambouli
  et
  al.,
  2012)
  have
  reported
  on
  the
  dynamics
  of
  evap-
oration
  and
  transpiration
  during
  overhead
  sprinkler
  irrigation
  of
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agricultural
 crops.
 However,
 their
 results
 are
 contradictory
 on
 some
important
  matters.
To
 analyse
 the
 evaporation
 processes
 during
 sprinkler
 irrigation,
a
  comprehensive
  theoretical
  (modelling)
  and
  experimental
  study
was
  conducted
  by
  Thompson
  et
  al.
  (1993a,b,
  1997).
  They
  also
  pro-
posed
  that
  the
  direct
  droplet
  evaporation
  is
  typically
  less
  than
  1%
of
  the
  total
  evaporation
  and
  hence
  is
  almost
  negligible
  in
  compar-
ison
  with
  the
  evaporation
  from
  the
  wet
  vegetation
  and
  soil.
  They
suggested
  that
  the
  evaporation
  of
  water
  intercepted
  on
  the
  crop
canopy
  (at
  more
  than
  60%)
  is
  the
  main
  contributor
  to
  the
  evapo-
ration
  during
  sprinkler
  irrigation
  of
  mature
  corn,
  followed
  by
  soil
evaporation
 and
 droplet
 evaporation.
 The
 same
 study
 also
 reported
that
 the
 about
 8%
 of
 the
 applied
 water
 is
 evaporated
 (as
 canopy,
 soil
and
  droplet
  evaporation)
  during
  sprinkler
  irrigation,
  of
  which
  only
3%
  would
  be
  correctly
  considered
  as
  a
  loss
  after
  considering
  the
suppression
 of
 transpiration
 which
 would
 have
 otherwise
 occurred
without
  irrigation.
Tolk
  et
  al.
  (1995)
  suggested
  that
  water
  losses
  in
  sprinkler
irrigation
  occur
  mostly
  as
  evaporation
  of
  water
  intercepted
  by
  and
held
  on
  the
  foliage.
  Similarly,
  Kume
  et
  al.
  (2006)
  pointed
  out
  that
most
  of
  the
  water
  lost
  during
  wetting
  by
  rainfall
  is
  due
  to
  evapora-
tion
  of
  water
  intercepted
  and
  held
  on
  the
  canopy.
  They
  also
  indi-
cated
 that
 the
 water
 vapour-exchange
 processes
 are
 quite
 different
depending
  on
  whether
  the
  canopy
  is
  wet
  or
  dry.
  In
  dry
  conditions,
transpiration
  is
  the
  major
  component
  of
  the
  evapotranspiration
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over
 the
 crop
 surface
 while
 during
 wetting
 periods
 canopy
 evapora-
tion
  dominates
  the
  evapotranspiration
  due
  to
  the
  free
  water
  avail-
able
 to
 evaporate
 on
 the
 canopy
 and
 the
 stomatal
 pores
 impeded
 by
liquid
 water
 on
 the
 leaf
 surfaces
 (Forseth,
 1990;
 Brewer
 et
 al.,
 1991;
Ishibashi
 and
 Terashima,
 1995).
 Additionally,
 and
 McNaughton
 and
Black
  (1973),
  Stewart
  (1977)
  and
  Singh
  and
  Szeicz
  (1979),
  reported
that
  the
  wetted
  foliage
  ET
  rate
  would
  be
  equal
  to
  or
  greater
  than
that
  for
  dry
  foliage.
  Several
  authors
  (Norman
  and
  Campbell,
  1983;
Tolk
  et
  al.,
  1995;
  Martinez-Cob
  et
  al.,
  2008)
  have
  shown
  that
  dur-
ing
  sprinkler
  irrigation,
  transpiration
  reduces
  signiﬁcantly
  due
  to
evaporation
  from
  intercepted
  water
  on
  leaves
  and
  soil.
In
  contrast,
  Martinez-Cob
  et
  al.
  (2008)
  and
  Stambouli
  et
  al.
(2012)
  proposed
  that
  wind
  drift
  and
  direct
  droplet
  evaporation
was
  a
  signiﬁcant
  loss
  of
  water
  during
  sprinkler
  irrigation.
  They
  also
suggested
  that
  the
  total
  evapotranspiration
  from
  the
  crop
  (tran-
spiration,
  soil
  and
  canopy
  evaporation)
  reduced
  during
  sprinkler
irrigation.
  They
  also
  proposed
  that
  the
  ET
  rate
  during
  irrigation
  is
signiﬁcantly
  lower
  than
  that
  for
  a
  dry
  canopy
  due
  to
  the
  reduction
in
  vapour
  pressure
  deﬁcit
  (VPD).
Thompson
  et
  al.
  (1997)
  relied
  on
  modelling
  for
  their
  results
  and
although
  the
  predicted
  values
  were
  an
  underestimate,
  the
  model
was
  able
  to
  give
  results
  in
  reasonable
  agreement
  with
  lysimeter
measurements
 of
 the
 water
 balance
 taken
 during
 the
 non-irrigation
period.
  However,
  most
  importantly,
  they
  could
  not
  verify
  the
predicted
  values
  of
  evaporation
  during
  irrigation,
  because
  the
lysimetry
  was
  not
  able
  to
  measure
  the
  ET
  during
  the
  irrigation.
  The
difﬁculty
  was
  the
  increase
  of
  mass
  of
  the
  lysimeter
  due
  to
  the
  addi-
tion
  of
  the
  applied
  irrigation
  water
  simultaneously
  with
  the
  loss
by
  evapotranspiration
  (Thompson
  et
  al.,
  1997;
  Martinez-Cob
  et
  al.,
2008).
 On
 the
 other
 hand,
 Martinez-Cob
 et
 al.
 (2008)
 and
 Stambouli
et
  al.
  (2012)
  used
  catch
  can
  measurements
  of
  the
  sprinkler
  appli-
cations
  in
  conjunction
  with
  lysimetry
  in
  an
  attempt
  to
  measure
the
  various
  components
  of
  ET
  during
  sprinkler
  irrigation.
  Given
the
  errors
  inherent
  in
  catch
  can
  measurements
  (Kohl
  et
  al.,
  1987;
Seginer
  et
  al.,
  1991)
  their
  results
  must
  be
  questioned.
  These
  studies
of
  Martinez-Cob
  et
  al.
  (2008)
  and
  Stambouli
  et
  al.
  (2012)
  and
  the
work
 of
 Thompson
 et
 al.
 (1993a,b,
 1997)
 together
 serve
 to
 illustrate
the
  limitations
  of
  the
  traditional
  methods
  of
  measurement.
Accurate
  and
  reliable
  in-ﬁeld
  measurement
  of
  total
  evapora-
tion
  (ET)
  and
  its
  components
  during
  sprinkler
  irrigation
  remains
  a
challenge.
  However,
  Uddin
  et
  al.
  (2013)
  have
  demonstrated
  that
a
  precision
  energy
  budget
  (EB)
  methodology
  with
  atmospheric
energy
  ﬂuxes
  partitioned
  using
  eddy
  covariance
  (ECV)
  is
  capable
of
  providing
  the
  necessary
  measurements
  of
  the
  total
  evaporation
during
  sprinkler
  irrigation.
  Simultaneous
  measurement
  of
  sapﬂow
can
  provide
  information
  about
  the
  transpiration
  during
  irrigation
and
 aid
 identiﬁcation
 of
 the
 major
 components
 of
 the
 evapotranspi-
ration.
  Therefore,
  the
  aim
  of
  this
  paper
  is
  to
  quantify
  the
  dynamics
of
  evaporation
  and
  sapﬂow
  during
  sprinkler
  irrigation
  using
  simul-
taneous
  ET
  and
  sapﬂow
  (F)
  measurements.
2.
  Materials
  and
  methods
2.1.
  Study
  site
  description
Sprinkler
  irrigation
  trials
  were
  conducted
  at
  the
  Agricul-
tural
  Experimental
  Station
  situated
  at
  the
  University
  of
  Southern
Queensland,
  Toowoomba,
  Queensland,
  Australia.
  The
  geographic
location
  of
  the
  site
  is
  27◦ 36  S,
  151◦ 54  E
  and
  the
  altitude
  is
693
 m
  above
  sea
  level.
  The
  soil
  is
  free
  draining
  clay
  textured
  red
Kraznozem
  containing
  high
  amounts
  of
  iron
  that
  help
  to
  main-
tain
  their
  highly
  permeable
  structure
  (NCEA,
  2005).
  The
  pH
  of
the
  soils
  is
  acidic
  to
  neutral.
  The
  climate
  of
  the
  site
  is
  charac-
terised
  as
  sub-tropical
  with
  long,
  hot
  summers
  as
  well
  as
  short,
mild
  to
  cold
  winters.
  Mean
  air
  temperature
  (Ta)
  varies
  signiﬁcantly
N WD
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1
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Fig.
  1.
  Sprinkler
  layout
  to
  form
  a
  50
 m
  irrigated
  circle
  with
  the
  eddy
  covariance
measurement
  station
  at
  the
  centre.
  TR1
  and
  TR2
  represent
  the
  position
  of
  the
  mea-
surement
  of
  temperature
  and
  relative
  humidity
  at
  upwind
  and
  downwind
  position,
respectively.
from
  summer
  to
  winter
  reaching
  a
  maximum
  value
  in
  January
  of
approximately
 28 ◦C,
 while
 the
 minimum
 value
 occurs
 in
 July
 (6 ◦C).
In
  contrast,
  the
  relative
  humidity
  (RH)
  demonstrates
  the
  inverse
behaviour
  reaching
  a
  maximum
  of
  about
  65%
  in
  February
  and
  a
minimum
  of
  51%
  in
  September.
  The
  region
  is
  distinguished
  by
highly
  variable
  rainfall,
  especially
  in
  summer
  when
  the
  rainfall
  is
inﬂuenced
  by
  discrete
  cumulonimbus
  storms.
  The
  annual
  average
rainfall
  is
  approximately
  700
 mm
  with
  the
  mean
  monthly
  maxi-
mum
  (114
 mm)
  occurring
  in
  February
  and
  the
  minimum
  (27
 mm)
in
  April.
2.2.
  Experimental
  description
As
  set
  out
  in
  Uddin
  et
  al.
  (2013),
  the
  experiments
  were
  carried
out
  using
  a
  portable
  sprinkler
  irrigation
  system
  installed
  in
  such
  a
way
  as
  to
  make
  an
  irrigated
  cropped
  circle
  of
  50
 m
  diameter
  (area
of
  0.2
 ha)
  with
  the
  ECV
  system
  and
  other
  instrumentation
  located
at
  the
  centre
  (Fig.
  1).
  Small
  and
  low
  angle
  (9◦)
  impact
  sprinklers
(model
  5024,
  Naan
  Dan
  Jain
  Irrigation
  Ltd.)
  at
  9
 m
  spacings
  were
used
  in
  the
  experiments.
  The
  height
  of
  the
  sprinklers
  was
  varied
from
  0.20
 m
  to
  0.95
 m
  according
  to
  the
  height
  of
  the
  crop.
  The
height
 of
 the
 sprinklers
 was
 0.20
 m,
 0.65
 m
 and
 0.95
 m
 for
 the
 initial
(0–50%
  crop
  cover),
  mid
  (75%
  crop
  cover)
  and
  mature
  (100%
  crop
cover)
  stages
  of
  the
  crop,
  respectively.
  The
  system
  was
  operated
at
  a
  pressure
  between
  300
  and
  350
 kPa
  with
  each
  sprinkler
  rota-
tion
  set
  to
  full
  circle.
  Irrigation
  trials
  were
  performed
  on
  relatively
clear
  days
  typically
  through
  the
  middle
  of
  the
  day.
  Irrigations
  were
applied
  over
  varying
  periods
  ranging
  from
  30
 min
  to
  180
 min
  at
different
  intervals
  from
  30
 min
  to
  180
 min.
  Initially,
  short
  duration
irrigation
 trials
 (30
 min
 irrigation
 with
 30
 min
 and
 60
 min
 intervals)
were
  conducted
  with
  multiple
  events
  in
  a
  single
  day.
  The
  exper-
iments
  were
  conducted
  throughout
  the
  period
  February
  to
  April
2011
  at
  different
  crop
  growth
  stages.
2.3.
  Crop
  establishment
  and
  agronomic
  practices
The
  study
  site
  was
  109
 m
 ×
 54
 m
  in
  size
  making
  two
  plots,
  one
(52
 m
 ×
 52
 m)
  for
  the
  main
  crop
  and
  another
  (24
 m
 ×
 24
 m)
  for
  an
insect
  refuge
  crop.
  The
  main
  plot
  was
  planted
  with
  geneticallyJ.
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Fig.
  2.
  Evapotranspiration
  being
  measured
  during
  irrigation
  with
  the
  eddy
covariance
  system
  (sonic
  anemometer
  and
  infrared
  gas
  analyser,
  IRGA)
  and
  four-
component
  net
  radiometer
  at
  the
  centre
  of
  the
  irrigated
  plot.
modiﬁed
  (GM)
  cotton
  (71BRF)
  and
  the
  refuge
  plot
  with
  a
  general
cotton
  variety
  (71RRF).
  The
  seeds
  were
  planted
  at
  750
 mm
  row-
to-row
  and
  70
 mm
  plant-to-plant
  spacing
  in
  both
  plots
  on
  8th
October
  2010.
  The
  seeds
  were
  planted
  into
  dry
  soil
  and
  irrigated
after
  planting
  to
  ensure
  adequate
  soil
  moisture
  for
  germination
and
  crop
  establishment.
2.4.
  Instrumentation,
  measurements
  and
  data
  processing
Evaporation
  measurement
  instrumentation
  consisted
  of
  the
ECV
  system
  and
  a
  four-component
  net
  radiometer
  (NR01,
  Hukse-
ﬂux
  Thermal
  Sensors
  B.V.,
  The
  Netherlands)
  placed
  at
  the
  centre
  of
the
  irrigated
  area
  above
  both
  the
  crop
  canopy
  and
  the
  spray
  from
the
  sprinkler
  system
  (Fig.
  2).
The
 ECV
 system
 (Fig.
 2)
 consisted
 of
 a
 fast-response
 three
 dimen-
sional
  sonic
  anemometer
  (model
  CSAT3,
  Campbell
  Scientiﬁc,
  Inc.,
Logan,
  UT,
  USA)
  coupled
  with
  a
  pre
  calibrated
  open
  path
  infrared
gas
 analyser
 (model
 LI7500,
 Licor,
 Inc.,
 Lincoln,
 NE,
 USA).
 The
 orien-
tation
 of
 the
 sonic
 anemometer
 was
 adjusted
 according
 to
 the
 wind
direction
  of
  day
  for
  each
  trial.
  The
  separation
  between
  the
  sensors
(CSAT3
  and
  IRGA)
  was
  maintained
  at
  150
 mm
  as
  recommended
  by
Campbell
  Scientiﬁc
  Inc.,
  and
  the
  height
  of
  the
  measurements
  was
increased
  from
  2.0
 m
  to
  2.5
 m
  with
  the
  growth
  of
  the
  crop.
  The
  ECV
system
  logger
  (CR3000,
  Campbell
  Scientiﬁc,
  Inc.)
  recorded
  signals
from
  these
  sensors
  at
  frequency
  of
  10
 Hz
  and
  averaged
  over
  5
 min
intervals.
  The
  eddy
  covariance
  data
  were
  corrected
  and
  processed
using
 recommended
 procedures
 as
 described
 by
 Uddin
 et
 al.
 (2013).
A
  four-component
  net
  radiometer
  (NR01,
  Hukseﬂux
  Thermal
Sensors
  B.V.,
  The
  Netherlands)
  placed
  at
  the
  centre
  of
  the
  irrigated
area
  which
  measured
  solar
  (‘shortwave’)
  radiation,
  incoming
  and
outgoing;
  and
  terrestrial
  (‘longwave’)
  radiation
  respectively
  and
their
  summation
  (with
  respect
  to
  direction)
  provided
  net
  radiation
Rn.
Representative
  soil
  heat
  ﬂux
  (G)
  was
  measured
  with
  two
  iden-
tical
  heat
  ﬂux
  plates
  (HFP01,
  Campbell
  Scientiﬁc,
  Inc.)
  buried
  at
two
  locations
  at
  a
  depth
  50
 mm
  from
  the
  surface.
  One
  was
  placed
between
  the
  rows
  and
  the
  other
  in
  the
  row
  between
  the
  plants.
  The
values
  of
  G
  were
  obtained
  as
  the
  average
  of
  these
  two
  measure-
ments.
  Uddin
  et
  al.
  (2013)
  showed
  that
  once
  the
  crop
  developed
  a
substantial
 canopy
 (>50%
 cover),
 the
 soil
 heat
 ﬂux
 during
 the
 period
of
 each
 trial
 was
 negligible
 compared
 with
 the
 net
 radiation
 and
 will
not
  be
  considered
  further
  in
  this
  paper.
The
  sapﬂow
  system
  (Fig.
  3)
  comprised
  six
  dynagauge
  sapﬂow
sensors
  (model
  SGC10,
  ICT
  International
  Pty.
  Ltd,
  Australia),
  each
with
  a
  digital
  interface,
  a
  hub
  to
  connect
  the
  sensors
  to
  the
  data
logger,
  and
  a
  data
  logger
  (Smart
  data-logger,
  ICT
  International
Pty.
  Ltd,
  Australia).
  The
  sensors
  were
  installed
  on
  six
  plants
  with
stem
  diameters
  of
  10–13
 mm,
  selected
  randomly
  from
  within
  the
irrigated
  area.
Following
  the
  manufacturer’s
  recommendations,
  the
  sensors
were
  protected
  from
  corrosion
  by
  an
  electrical
  insulating
  com-
pound
  placed
  between
  the
  gauge
  interior
  and
  the
  plant
  stem,
  and
the
  exterior
  of
  the
  gauge
  was
  covered
  with
  additional
  foam
  insu-
lation,
  plastic
  wrap,
  and
  aluminium
  foil
  for
  thermal
  insulation.
  The
gauges
 were
 reinstalled
 weekly
 to
 remove
 moisture
 build-up
 and
 to
assess
  damage
  to
  plant
  stems
  and/or
  gauges.
  Sapﬂows
  (g
 h−1)
  were
sampled
  every
  minute
  (as
  per
  speciﬁcation),
  and
  averaged
  over
  the
same
  interval
  as
  the
  eddy
  covariance
  system
  to
  allow
  easy
  compar-
ison.
  The
  sapﬂow
  of
  the
  six
  plants
  was
  then
  averaged
  to
  obtain
  ﬂow
rates
  in
  mm
 h−1,
  taking
  the
  plant
  densities
  as
  18
  plants
  per
  square
metre.
2.5.
  Evapotranspiration
  measurement
  via
  energy
  budget
  and
eddy
  covariance
The
 method
 used
 to
 determine
 the
 total
 evapotranspiration
 (ET)
from
  the
  energy
  balance
  of
  the
  crop
  is
  fully
  described
  and
  validated
in
  Uddin
  et
  al.
  (2013)
  and
  is
  brieﬂy
  summarised
  below.
The
  ET
  was
  deduced
  from
  the
  latent
  heat
  ﬂux
   E
  which
  was
  cal-
culated
  from
  the
  energy
  balance
  of
  the
  crop
  by
  measurement
  of
  all
terms
  of
  energy
  transfer
  into
  and
  out
  of
  a
  control
  volume
  incor-
porating
  the
  irrigated
  crop.
  This
  volume
  includes
  the
  vegetation,
canopy-air
  space
  and
  a
  layer
  of
  soil
  deep
  enough
  to
  exclude
  the
heat
  transfer
  through
  its
  bottom.
  The
  latent
  heat
  ﬂux
  (W
 m−2)
  is
then
  given
  by:
 E
  =
Rn −
  (−D
  +
  G
  +
  J
  +
   A)
1
  +
  ˇ
(1)
where
  Rn is
  the
  net
  radiation,
  H
  is
  the
  sensible
  heat
  ﬂux,
  D
  is
  the
energy
  removed
  horizontally
  by
  advection,
  G
  is
  the
  soil
  heat
  ﬂux,
  J
is
  the
  ﬂux
  of
  energy
  into
  physical
  storage,
   A
  is
  the
  ﬂux
  of
  energy
consumed
  in
  biochemical
  processes
  and
  ˇ
  is
  the
  Bowen
  Ratio
  and
is
  deﬁned
  as:
ˇ
  =
H
 E
(2)
In
  this
  study
  the
  ‘small’
  terms,
  grouped
  in
  parenthesis
  in
  the
numerator
  of
  Eq.
  (1),
  were
  shown
  to
  be
  insigniﬁcant
  (Uddin
  et
  al.,
2013).
Although
  the
  eddy
  covariance
  (ECV)
  system
  provides
  direct
measurements
 of
 both
 H
 and
  E,
 it
 has
 a
 tendency
 to
 underestimate
the
  true
  atmospheric
  ﬂuxes
  (Massman
  and
  Clement,
  2004),
  the
principal
  reasons
  for
  which
  have
  been
  discussed
  by
  Mahrt
  (1998).
However,
  the
  resulting
  error
  in
  both
  H
  and
   E
  is
  in
  proportion
(Twine
  et
  al.,
  2000)
  such
  that
  an
  accurate
  (instantaneous)
  Bowen
Ratio
  (Eq.
  (2))
  will
  be
  calculated
  from
  the
  measured
  energy
  ﬂuxes.
This
  can
  then
  be
  used
  to
  derive
  an
  accurate
  ET
  estimate
  from
  the
energy
  balance
  equation
  (Eq.
  (1)).
2.6.
  Non-dimensionalisation
  of
  evaporation
  and
  sapﬂow
  data
A
  nondimensionalisation
  technique
  (Uddin
  et
  al.,
  2013)
  was
used
  to
  facilitate
  the
  superposition
  of
  measurements
  taken
  on
  dif-
ferent
  days
  and
  at
  different
  times,
  such
  that
  random
  measurement
error
  is
  reduced
  as
  multiple
  (nondimensionalised)
  measurements
are
  combined.
  This
  makes
  it
  possible
  to
  quantify
  the
  relative
  mag-
nitude
  of
  change
  in
  the
  rates
  of
  evapotranspiration
  and
  sapﬂow
during
  and
  following
  irrigation.
For
  ET
  the
  dimensionless
  variable
  Ret was
  calculated
  as
  the
ratio
  of
  actual
  evapotranspiration
  measured
  by
  the
  eddy
  covari-
ance
  technique
  ETecadj to
  a
  reference
  evapotranspiration
  ETref.
(i.e.
  Ret =
 ETecadj/ETref).
  This
  technique,
  applied
  measurement-by-
measurement,
  removed
  the
  variation
  caused
  by
  differences
  in38 J.
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Fig.
  3.
  Sapﬂow
  system
  installed
  in
  the
  ﬁeld.
instantaneous
  net
  radiation
  (Rn)
  as
  a
  result
  of
  both
  intermittent
cloud
  cover
  and
  the
  change
  in
  solar
  zenith
  angle
  with
  time
  and
day.
Similarly,
  nondimensionalised
  sapﬂow
  was
  represented
  by
  the
variable
  Rf,
  calculated
  as
  the
  ratio
  of
  sapﬂow
  F
  to
  the
  reference
evapotranspiration
  (i.e.
  Rf =
 F/ETref).
The
  reference
  evapotranspiration
  (ETref)
  used
  in
  the
  nondimen-
sionalisation
  process
  is
  taken
  as
  a
  measure
  of
  evaporative
  demand
at
  the
  study
  site.
  For
  this
  particular
  study
  it
  is
  deﬁned
  as
  the
  ET
  cal-
culated
 for
 a
 dry
 canopy
 using
 the
 FAO
 Penman–Monteith
 equation
following
  Allen
  et
  al.
  (1998)
  using
  meteorological
  data
  measured
  at
the
  experimental
  location.
  During
  irrigation,
  it
  was
  observed
  that
wetting
  of
  the
  canopy
  caused
  a
  decrease
  in
  albedo
  and
  a
  conse-
quent
  decrease
  in
  the
  shortwave
  radiation
  reﬂected
  by
  the
  wet
canopy,
 resulting
 in
 an
 increase
 in
 net
 radiation
 Rn.
 To
 permit
 a
 valid
comparison
  between
  the
  pre-,
  during
  and
  post-irrigation
  periods,
the
  reference
  ET
  was
  estimated
  by
  using
  the
  higher
  dry
  canopy
albedo
  (lower
  Rn)
  from
  the
  pre-irrigation
  period
  to
  calculate
  the
equivalent
  dry
  canopy
  outgoing
  shortwave
  radiation
  and
  hence
adjusted
  Rn for
  the
  periods
  (during
  and
  post
  irrigation)
  when
  the
canopy
  was
  wet.
3.
  Results
3.1.
  Footprint
  analysis
Although
  the
  ﬁeld
  was
  comparatively
  small,
  the
  footprint
  anal-
ysis
  for
  the
  eddy
  covariance
  measurements
  (Table
  1)
  conﬁrms
that
  the
  majority
  of
  the
  evaporative
  ﬂux
  originated
  from
  the
Table
  1
Summary
  of
  footprint
  analysis.
Surface
  condition
  Measurement
  conditions
  Radius
  to
  include
60%
  ﬂux
Radius
  to
  include
80%
  ﬂux
Radius
  to
  include
90%
  ﬂux
Radius
  to
  include
95%
  ﬂux
Partial
  crop
  Measurement
  height
  2
 m
Canopy
  Wind
  speed
  3.2
 m
 s−1 19
  30
  45
  60
Crop
  height
  0.5
 m
Full
  crop
  Measurement
  height
  2.5
 m
Wind
  speed
  2.0
 m
 s−1 10
  15
  20
  28
Crop
  height
  1
 mJ.
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Fig.
  4.
  Reference
  evapotranspiration
  ETref,
  actual
  evapotranspiration
  ETecadj and
  net
  radiation
  Rn on
  representative
  days
  for
  different
  combinations
  of
  irrigation
  trials.
  In
  each
the
  periods
  of
  irrigation
  are
  shown
  shaded.
  (a)
  Unirrigated;
  (b)
  30
 min
  irrigation
  and
  30
 min
  interval;
  (c)
  30
 min
  irrigation
  and
  60
 min
  interval;
  and
  (d)
  180
 min
  irrigation.
irrigated
  area.
  The
  table
  shows
  that
  for
  the
  partial
  crop
  canopy
condition
  (with
  a
  2
 m
  measurement
  height,
  moderate
  wind
  speed
(WS
 =
 3.2
 m
 s−1)
  and
  canopy
  height
  h
 =
 0.5
 m)
  about
  80%
  of
  the
  ﬂux
came
 from
 the
 cropped
 area
 (25
 m
 radius).
 On
 the
 other
 hand,
 about
90%
  of
  ﬂuxes
  originated
  from
  the
  cropped
  area
  for
  the
  full
  canopy
condition,
  where
  the
  measurement
  height
  was
  2.5
 m
  including
canopy
  height
  1
 m
  with
  a
  wind
  speed
  of
  2
 m
 s−1.
  Further
  details
of
  the
  analysis
  can
  be
  found
  in
  Uddin
  et
  al.
  (2013).
3.2.
  Evapotranspiration
  measurements
ET
  measurements
  over
  a
  variety
  of
  surfaces
  were
  presented
  in
detail
  in
  Uddin
  et
  al.
  (2013)
  and
  those
  relating
  to
  the
  cotton
  crop
of
  this
  study
  are
  reproduced
  below
  in
  Figs.
  4
  and
  5.
  The
  measured
actual
 evapotranspiration
 ETecadj (and
 reference
 evapotranspiration
ETref)
  on
  some
  relatively
  clear
  irrigated
  days
  (Fig.
  4b–d)
  illustrate
the
 change
 of
 rate
 of
 ET
 resulting
 from
 irrigation,
 distinguishing
 the
three
  periods
  before
  (pre),
  during
  (irri)
  and
  after
  (post)
  irrigation.
The
  values
  of
  ETecadj and
  ETref on
  a
  representative
  unirrigated
  day
are
  also
  presented
  in
  Fig.
  4a
  to
  compare
  the
  effect
  of
  irrigation
  on
ET.
Fig.
  4a
  shows
  that
  although
  there
  were
  some
  ﬂuctuations
  in
ETecadj due
  to
  ﬂuctuations
  in
  the
  radiation
  on
  the
  unirrigated
  day
(DOY
  57)
  the
  actual
  and
  reference
  ET
  were
  almost
  same
  through-
out
  the
  day.
  However,
  on
  irrigated
  days
  (Fig.
  4b–d),
  as
  soon
  as
  the
irrigation
 started,
 a
 rapid
 increase
 of
 ET
 was
 observed
 as
 the
 canopy
was
  wetted.
  After
  about
  10
 min
  the
  ET
  reached
  a
  steady
  state
  level
as
  the
  canopy
  was
  fully
  wetted
  and
  remained
  at
  that
  level
  because
the
  intercepted
  water
  being
  evaporated
  from
  the
  wet
  canopy
  was
continuously
  replaced
  by
  the
  irrigation
  spray.
  During
  that
  time
  the
rate
  of
  ET
  was
  similar
  to
  the
  net
  radiation
  which
  indicates
  that
  all
the
  available
  energy
  in
  terms
  of
  net
  radiation
  was
  consumed
  in
evaporation
  of
  the
  free
  water
  intercepted
  on
  the
  canopy.
  A
  period
of
  declining
  rate
  of
  ET
  post
  irrigation
  (drying)
  represents
  the
  rate
of
  evaporation
  of
  the
  residual
  intercepted
  water.
  Fig.
  4b
  illustrates
that
  for
  the
  short
  irrigation
  intervals
  (30
 min),
  the
  actual
  ET
  did
  not
fall
 back
 to
 the
 ET
 value,
 while
 for
 longer
 irrigation
 intervals
 (60
 and
180
 min)
  it
  was
  found
  that
  the
  reference
  and
  actual
  ET
  matched
each
  other
  approximately
  60
 min
  after
  ceasing
  irrigation
  (Fig.
  4c
and
  d),
  indicating
  that
  the
  canopy
  was
  fully
  dry
  after
  that
  time.
A
  similar
  trend
  was
  reported
  for
  a
  corn
  crop
  by
  Thompson
  et
  al.
(1993b,
  1997)
  through
  simulation
  although
  they
  could
  not
  verify
their
  results
  during
  the
  period
  of
  irrigation
  due
  to
  the
  limitations
of
  the
  lysimetry.
  On
  the
  other
  hand,
  Martinez-Cob
  et
  al.
  (2008)
and
  Stambouli
  et
  al.
  (2012)
  argued
  that
  the
  ET
  rate
  during
  sprin-
kler
  irrigation
  is
  signiﬁcantly
  lower
  than
  that
  for
  a
  dry
  canopy
  due
to
  the
  reduction
  in
  vapour
  pressure
  deﬁcit
  (VPD)
  as
  a
  result
  of
the
  irrigation.
  For
  this
  to
  be
  so,
  the
  ET
  rate
  in
  the
  irrigated
  plot
would
  also
  be
  lower
  immediately
  after
  irrigation
  than
  in
  the
  non-
irrigated
  plot
  because
  the
  reduced
  VPD
  continues
  for
  some
  time
after
  irrigation
  (Tolk
  et
  al.,
  1995;
  Cavero
  et
  al.,
  2009).
  However,
Martinez-Cob
  et
  al.
  (2008)
  and
  Stambouli
  et
  al.
  (2012)
  showed
  a
rapid
  increase
  in
  ET
  on
  cessation
  of
  irrigation
  and
  conﬁrmed
  our
measurements
  during
  the
  drying
  period
  which
  showed
  that
  the
ET
  rate
  after
  irrigation
  was
  signiﬁcantly
  higher
  than
  the
  nonirri-
gated
  plot.
  This
  higher
  ET
  rate
  following
  irrigation
  is
  the
  result
  of
evaporation
  of
  the
  free
  intercepted
  water
  on
  the
  canopy,
  which
reduces
  over
  the
  time
  to
  equal
  the
  dry
  canopy
  ET
  rate.
  It
  is
  the
rapid
  increase
  in
  ET
  following
  irrigation
  is
  illogical
  and
  results
  from
the
  inability
  of
  the
  lysimeter
  and
  catch
  cans
  used
  by
  Martinez-Cob
et
  al.
  (2008)
  and
  Stambouli
  et
  al.
  (2012)
  to
  give
  accurate
  estimates
of
  total
  evaporation
  during
  sprinkler
  irrigation.40 J.
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Fig.
  5.
  Nondimensional
  ET
  curves
  for
  different
  crop
  stages
  and
  irrigation
  periods
  (a)
  30
 min
  irrigation
  and
  30
 min
  interval
  at
  partial
  canopy
  condition;
  and
  (b)
  180
 min
irrigation
  and
  180
 min
  interval
  at
  full
  canopy
  condition
  (with
  the
  shaded
  bar
  indicating
  completion
  of
  canopy
  drying,
  determined
  by
  visual
  assessment).
The
 nondimensional
 ET
 time
 series,
 Fig.
 5,
 in
 which
 the
 data
 from
multiple
 irrigations
 are
 superposed
 and
 averaged,
 reveal
 the
 trends
more
  clearly
  because
  the
  pattern
  of
  the
  actual
  ET
  was
  similar
  in
  all
irrigation
  trials.
  Data
  was
  aligned
  for
  superposition
  (averaging)
  by
setting
  the
  start
  time
  for
  each
  of
  the
  pre-irrigation,
  irrigation
  and
post-irrigation
  periods
  equal
  to
  zero.
Fig.
  5
  indicates
  signiﬁcantly
  higher
  values
  during
  irrigation
  than
during
  the
  pre-
  and
  post-irrigation
  periods.
  However,
  the
  mag-
nitude
  of
  the
  increase
  in
  the
  nondimensional
  ET
  (and
  actual
  ET)
depended
  on
  the
  crop
  canopy
  condition.
  At
  full
  canopy
  the
  value
during
  irrigation
  was
  about
  1.6
  times
  reference
  ET
  (Fig.
  5b)
  while
  it
was
  about
  1.4
  times
  for
  a
  partial
  canopy
  (Fig.
  5a).
  The
  drying
  curve
in
  the
  post
  irrigation
  period
  is
  also
  more
  clearly
  illustrated
  as
  is
  the
drying
  time
  indicated
  by
  shaded
  bar
  for
  the
  canopy
  of
  about
  60
 min
(Fig.
  5b).
3.3.
  Sapﬂow
  measurements
The
  measured
  rates
  of
  sapﬂow
  F
  from
  the
  different
  trials
  and
the
  diurnal
  pattern
  of
  sapﬂow
  on
  a
  non-irrigated
  day
  are
  shown
in
  Fig.
  6,
  along
  with
  the
  corresponding
  actual
  and
  reference
  ET
values.
  On
  the
  non-irrigated
  day
  the
  sapﬂow
  followed
  the
  diurnal
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Fig.
  6.
  Sapﬂow
  F,
  reference
  evapotranspiration
  ETref and
  actual
  evapotranspiration
  ETecadj on
  typical
  days
  for
  different
  trials.
  Periods
  of
  irrigation
  are
  shown
  shaded.
  (a)
non-irrigated
  day;
  (b)
  30
 min
  irigation
  trails;
  (c)
  120
 min
  irrigation
  trials;
  and
  (d)
  180
 min
  irrigation
  trials.J.
  Uddin
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Fig.
  7.
  Nondimensionalised
  curves
  of
  sapﬂow
  F
  for
  different
  irrigation
  trials
  (a)
  30
 min
  irrigation
  and
  60
 min
  interval;
  (b)
  60
 min
  irrigation
  and
  60
 min
  interval;
  (c)
  120
 min
irrigation
 and
 120
 min
 interval;
 and
 (d)
 180
 min
 irrigation
 and
 180
 min
 interval
 (with
 the
 shaded
 bar
 indicating
 completion
 of
 canopy
 drying,
 determined
 by
 visual
 assessment).
variation
  in
  ET,
  producing
  a
  symmetrical
  curve
  about
  early
  after-
noon
  with
  a
  rapid
  increase
  after
  sunrise
  and
  a
  rapid
  decrease
  in
the
  late
  afternoon
  (Fig.
  6a).
  On
  the
  other
  hand,
  on
  days
  where
irrigation
  was
  applied
  the
  sapﬂow
  rates
  greatly
  reduced
  during
  the
irrigation
  in
  all
  cases
  (Fig.
  6b–d)
  because
  the
  evaporative
  energy
was
  fully
  consumed
  to
  evaporate
  the
  intercepted
  water
  on
  the
canopy
  (Bosveld
  and
  Bouten,
  2003;
  Kume
  et
  al.,
  2006)
  and
  the
stomatal
  pores
  were
  impeded
  by
  liquid
  water
  on
  the
  leaf
  surfaces
(Forseth,
 1990;
 Brewer
 et
 al.,
 1991;
 Ishibashi
 and
 Terashima,
 1995).
For
  example
  on
  DOY
  84
  (Fig.
  6b),
  before
  the
  irrigation
  events,
  the
sapﬂow
  and
  reference
  evapotranspiration
  were
  similar.
  As
  soon
as
  irrigation
  started,
  the
  sapﬂow
  rates
  decreased
  sharply
  contin-
uing
  at
  a
  low
  rate
  up
  to
  the
  end
  of
  the
  irrigation
  event.
  Once
  the
irrigation
  stopped,
  the
  sapﬂow
  rate
  progressively
  increased
  until
  it
matched
  the
  reference
  ET.
  A
  similar
  trend
  was
  observed
  for
  longer
irrigation
  periods
  and
  intervals
  (Fig.
  6c–d).
  In
  summary,
  as
  with
  all
ET
 measurements,
 sapﬂow
 data
 followed
 the
 same
 trend
 in
 all
 trials.
The
  nondimensional
  values
  of
  sapﬂow
  (=F/ETref)
  were
  produced
with
  the
  results
  of
  multiple
  measurement
  time
  series
  superposed
and
  averaged
  following
  the
  same
  procedure
  as
  used
  for
  nondimen-
sionalised
  ET.
  The
  results
  are
  presented
  in
  Fig.
  7.
  As
  with
  the
  ET
data,
  the
  process
  produced
  smoother
  curves
  as
  random
  error
  was
reduced,
  and
  that
  shows
  the
  trends
  with
  time
  and
  the
  effects
  of
the
  sprinkler
  irrigation
  more
  clearly.
  The
  increased
  sapﬂow
  in
  the
early
  morning
  and
  late
  afternoon
  was
  more
  obvious
  (Fig.
  7a
  and
b).
  This
  was
  due
  largely
  to
  the
  very
  low
  values
  of
  ETref at
  these
times.
For
  short
  30
 min
  irrigations
  (Fig.
  7a),
  it
  is
  observed
  that
  the
  rate
of
 sapﬂow
 was
 still
 reducing
 at
 the
 end
 of
 the
 irrigation
 period.
 From
the
  longer
  irrigation
  trials
  (60,
  120
  and
  180
 min),
  it
  was
  found
  the
sapﬂow
  reached
  at
  its
  minimum
  value
  at
  around
  35
 min
  (Fig.
  7c
and
  d).
  The
  extent
  of
  the
  reduction
  in
  sapﬂow
  (>80%)
  for
  a
  full
canopy
  crop
  measured
  during
  this
  study
  was
  similar
  to
  that
  given
by
  Thompson
  et
  al.
  (1997)
  for
  corn
  in
  the
  USA.
  The
  Thompson
  et
  al.
(1997)
  model
  predicted
  a
  reduction
  in
  transpiration
  of
  80%
  during
irrigation
  and
  measured
  reductions
  in
  sapﬂow
  of
  83%
  for
  irrigation
by
  both
  impact
  and
  spray
  nozzles.
  Similarly,
  Tolk
  et
  al.
  (1995)
  and
Martinez-Cob
  et
  al.
  (2008)
  estimated
  the
  suppression
  of
  transpi-
ration
  to
  be
  more
  than
  50%
  for
  a
  sprinkler
  irrigated
  corn
  crop
  (no
comparable
  published
  data
  for
  cotton
  were
  found).
  Following
  the
cessation
  of
  irrigation
  the
  recovery
  time
  for
  the
  sapﬂow
  to
  return
to
  about
  its
  initial
  (pre-irrigation)
  rate
  was
  typically
  about
  35
 min
(indicated
  by
  the
  vertical
  bars
  in
  Fig.
  7).
  It
  is
  interesting
  to
  note
that
  in
  all
  trials
  the
  sapﬂow
  recovery
  overshot
  the
  ET
  rate
  before
equilibrating
  with
  the
  ET
  rate
  towards
  the
  end
  of
  the
  drying
  period.
In
  a
  comparison
  trial
  (15
  April
  2011),
  carried
  out
  to
  conﬁrm
  the
sapﬂow
  dynamics
  during
  irrigation,
  three
  gauges
  were
  installed
  on
plants
 inside
 the
 irrigation
 area
 and
 another
 three
 on
 plants
 outside
the
  irrigated
  area.
  These
  results
  (Fig.
  8)
  highlighted
  the
  substantial
decline
  in
  sapﬂow
  during
  irrigation
  and
  the
  time
  lags
  involved
  in
that
 decline
 and
 the
 subsequent
 recovery
 following
 cessation
 of
 the
irrigation.
  The
  gauges
  on
  the
  irrigated
  plants
  produced
  a
  minimum
value
  of
  sapﬂow
  during
  irrigation
  that
  was
  slightly
  higher
  than
  in
the
  previous
  trials,
  which
  was
  attributed
  to
  the
  mean
  values
  being
from
  fewer
  sensors.
  The
  overall
  variation
  about
  the
  mean
  for
  the
two
  sets
  of
  three
  gauges
  as
  represented
  by
  a
  coefﬁcient
  of
  variation
(CV)
  was
  calculated
  as
  a
  low
  0.083
  indicating
  consistent
  readings
from
  the
  gauges.42 J.
  Uddin
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Table
  2
Mean
  and
  standard
  error
  of
  the
  averaged
  values
  of
  nondimensionalised
  ET
  and
  sapﬂow
  across
  all
  comparable
  trials.
ET
  Sapﬂow
Pre-irrigation
  Irrigation
  Pre-irrigation
  Irrigation
No
  of
  data
  values
  (n)
  36
  36
  36
  29
Mean
  0.99
  1.62
  1.05
  0.15
Standard
  error 0.009 0.009 0.007 0.004
3.4.
  Uncertainty
  estimation
The
  uncertainty
  in
  the
  relative
  evapotranspiration
  and
  sapﬂow
measurements
  was
  determined
  on
  the
  basis
  of
  statistical
characteristics
  (mean
  and
  standard
  error)
  of
  the
  individual
  nondi-
mensionalised
  values
  of
  ET
  and
  F
  under
  conditions
  when
  ET
  and
F
  can
  reasonably
  be
  assumed
  to
  be
  in
  ‘steady
  state’
  and
  therefore
were
  repeat
  measurements
  of
  the
  same
  (normalised)
  quantity.
  A
total
 of
 9
 h
 of
 data
 gathered
 during
 irrigation
 of
 the
 full
 canopy
 crop
under
  non-advective
  conditions
  were
  combined,
  and
  the
  analysis
was
  carried
  out
  separately
  for
  the
  aggregated
  periods
  (3
 h
  each,
approximately)
  of
  pre-irrigation
  and
  ‘levelled-off’
  period
  during
irrigation
  (i.e.
  after
  initial
  wetting
  of
  the
  canopy
  was
  complete).
The
  results
  for
  ET
  were
  presented
  previously
  by
  Uddin
  et
  al.
(2013)
  and
  reproduced
  in
  Table
  2
  indicate
  that
  the
  measurement
uncertainty
  in
  the
  nondimensional
  ET
  was
  ±0.009
  for
  both
  the
pre-irrigation
 and
 irrigation
 periods.
 The
 mean
 difference
 of
 nondi-
mensional
 ET,
 0.63,
 was
 resolved
 with
 a
 discrimination
 of
 order
 ±2%
(=0.009/0.63)
  overall.
  Likewise
  for
  these
  trials,
  the
  sapﬂow
  change
during
  irrigation
  has
  been
  resolved
  with
  a
  discrimination
  of
  order
±0.7%
  (=0.006/0.90)
  for
  these
  results.
  Measurement
  uncertainty
  in
the
  nondimensional
  sapﬂow
  was
  ±0.007
  and
  ±0.004
  before
  and
during
  irrigation,
  respectively.
4.
  Analysis
  and
  discussion
4.1.
  Idealised
  curves
  for
  evapotranspiration
Using
  data
  from
  the
  3
 h
  (180
 min)
  irrigation
  trials
  made
  at
  the
mature
  stage
  of
  the
  crop,
  an
  idealised
  picture
  of
  evapotranspira-
tion
  for
  non-advective
  conditions
  was
  drawn
  using
  the
  averaged
nondimensionalised
  values
  of
  ET
  shown
  in
  Fig.
  9.
From
  these
  idealised
  curves,
  ﬁve
  distinct
  phases
  can
  be
  distin-
guished
  as
  indicated
  below
  (and
  in
  Table
  3):
(i)
  approximately
  constant
  prior
  to
  irrigation,
(ii)
  rapid
  increase
  just
  after
  starting
  irrigation,
(iii)
  approximately
  constant
  during
  irrigation,
(iv)
  declining
  post-irrigation
  during
  canopy
  drying,
  and
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 8.
  Comparison
 of
 average
 sapﬂow
 in
 three
 irrigated
 ‘Firri’
 and
 three
 non-irrigated
‘Fnonirri’
  plants
  on
  a
  clear
  day
  (15
  April
  2011;
  DOY
  105).
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Fig.
  9.
  Idealised
  curves
  of
  evapotranspiration
  (ET)
  for
  sprinkler
  irrigation.
Table
  3
Dynamics
  of
  the
  averaged
  values
  of
  nondimensionalised
  ET
  across
  all
  comparable
trials
  (t
  is
  time
  in
  minutes).
Phase
  Period
  Nondimensionalised
  ET
  R2
(i)
  Pre-irrigation
  Steady
  Ret ≈
 1.0
  0.99
(ii)
  Irrigation
  –
  canopy
  wetting
  Rapid
  increase
  function
of
  rate
  of
  wetting
(iii)
  Irrigation
  –
  fully
  wet
canopy
Steady
  Ret ≈
 1.6
(iv)
  Post
  irrigation
  –
  canopy
drying
Ret =
 1.633
 exp(−0.009t)
  0.99
(v)
  Post
  irrigation
  –
  fully
  dry
canopy
Steady
  Re ≈
 1.0
(v)
  approximately
  constant
  once
  the
  canopy
  was
  fully
  dry.
4.2.
  Idealised
  curves
  for
  sapﬂow
Idealised
  curves
  were
  also
  established
  for
  the
  nondimension-
alised
  sapﬂow
  before,
  during
  and
  after
  irrigation
  and
  are
  shown
  in
Fig.
  10.
Similar
  to
  the
  nondimensional
  ET,
  idealised
  curves
  for
  sapﬂow
can
  be
  characterised
  as
  different
  phases:
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  10.
  Idealised
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  of
  sapﬂow
  for
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  phases
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  the
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  bar
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Table
  4
Dynamics
  of
  the
  averaged
  values
  of
  nondimensionalised
  sapﬂow
  across
  all
  compa-
rable
  trials
  (t
  is
  time
  in
  minutes).
Phase
  Period
  Nondimensionalised
sapﬂow
R2
(i)
  Pre-irrigation
  Steady
  Ret ≈
 1.05
(ii)
  Irrigation
  –
  early
  stage
  Rapid
  decrease
  in
sapﬂow
Rf =
 −0.387
 ln
 t
 +
 1.557
  0.99
(iii)
  Irrigation
  –
  continuing
  Steady
  Ret ≈
 0.6
(iv)
  Post
  irrigation
  –
  restoration
of
  sapﬂow
Rf =
 0.00953t1.56 0.99
(i)
  approximately
  constant
  prior
  to
  irrigation,
(ii)
  rapid
  decrease
  early
  in
  the
  irrigation,
(iii)
  approximately
  constant
  during
  irrigation,
  and
(iv)
  recovering
  sapﬂow.
Equations
  describing
  the
  nondimensionalised
  rate
  of
  sapﬂow
(Rf =
 F/ETref)
 for
 the
 different
 phases
 were
 obtained
 using
 regression
analysis
  following
  the
  same
  procedure
  as
  for
  ET
  and
  are
  set
  out
  in
Table
  4.
4.3.
  Components
  of
  the
  canopy
  water
  balance
A
  water
  balance
  of
  additional
  evaporation
  and
  suppression
  of
sapﬂow
  on
  a
  typical
  day
  (DOY
  103)
  was
  calculated
  from
  the
  areas
between
  actual
  and
  nondimensionalised
  curve
  of
  ET
  and
  F
  as
  pre-
sented
  in
  Figs.
  11
  and
  12.
  The
  different
  phases
  of
  total
  evaporation
measured
  were
  partitioned
  by
  using
  the
  areas
  between
  the
  actual
ET,
  reference
  ET
  and
  sapﬂow
  curves,
  as
  actual
  data
  in
  Fig.
  11;
  and
nondimensionalised
  in
  Fig.
  12.
From
  Figs.
  11
  and
  12
  it
  is
  seen
  that
  the
  total
  volume
  of
  canopy,
soil
  and
  droplet
  evaporation
  during
  and
  immediately
  following
irrigation
  is
  the
  summation
  of:
• the
  additional
  evaporation
  during
  irrigation
  (area
  C)
  which
includes
  canopy
  evaporation
  from
  the
  wet
  canopy
  and
  any
droplet
  evaporation
  during
  ﬂight,
• the
  reduction
  of
  transpiration
  (area
  D)
  during
  irrigation,
  repre-
sented
  here
  by
  the
  reduction
  in
  sapﬂow
  from
  that
  which
  would
have
  occurred
  without
  irrigation,
• the
  canopy
  interception
  capacity,
  which
  includes
  the
  additional
evaporation
  during
  drying
  of
  the
  canopy
  (area
  E)
  and
  reduction
of
  transpiration
  in
  terms
  of
  sapﬂow
  during
  drying
  (area
  F),
  and
• soil
  evaporation,
  represented
  by
  line
  graph
  at
  the
  bottom
  of
Fig.
  11,
  which
  can
  be
  considered
  negligible
  under
  the
  closed
(mature)
  cotton
  canopy
  condition.
Figs.
  11
  and
  12
  show
  that
  a
  signiﬁcant
  amount
  of
  additional
evaporation
  occurs
  during
  irrigation
  as
  the
  combined
  effect
  of
canopy
  evaporation
  and
  droplet
  evaporation.
  In
  this
  case
  the
  addi-
tional
  evaporation
  (sum
  of
  areas
  C
  and
  E
  in
  Fig.
  11)
  is
  equal
  to
1.12
 mm.
  At
  the
  same
  time,
  the
  sapﬂow
  is
  suppressed
  by
  1.60
 mm
(sum
  of
  areas
  D
  and
  F
  in
  Fig.
  11)
  due
  to
  the
  wetness
  of
  the
  canopy
from
  that
  which
  would
  have
  occurred
  without
  irrigation.
  Although
there
 was
 a
 substantial
 time
 lag
 between
 transpiration
 and
 sapﬂow
in
  response
  to
  canopy
  wetting,
  the
  volume
  of
  sapﬂow
  over
  the
irrigation
  cycle
  was
  taken
  to
  represent
  the
  transpiration.
  Evapo-
ration
  of
  intercepted
  water
  (sum
  of
  areas
  E
  and
  F)
  continued
  after
irrigation
 ceased.
 This
 was
 assumed
 to
 give
 a
 measure
 of
 the
 canopy
interception
  capacity
  of
  the
  crop
  (0.30
 mm).
Only
  a
  negligible
  amount
  of
  soil
  evaporation
  (0.1%
  of
  applied
water)
  was
  measured
  under
  the
  closed
  (mature)
  canopy
  condition.
In
 this
 regard,
 Williams
 et
 al.
 (2004)
 reported
 that
 in
 a
 closed
 canopy
crop
  the
  soil
  evaporation
  can
  be
  neglected
  both
  in
  irrigated
  and
non-irrigated
  conditions.
  Yonts
  et
  al.
  (2007)
  also
  reported
  that
  the
evaporation
  from
  the
  soil
  during
  irrigation
  can
  assumed
  to
  be
  neg-
ligible
  as
  a
  result
  of
  evaporation
  demands
  being
  met
  by
  the
  water
evaporating
  from
  plant
  leaves.
It
  was
  observed
  that
  at
  the
  end
  of
  the
  post
  irrigation
  (drying)
period
  (14:30–15:00
 PM)
  the
  sapﬂow
  continued
  to
  rise
  beyond
  the
reference
  and
  actual
  ET
  and
  then
  decreased
  until
  it
  matched
  the
reference
  and
  actual
  ET.
  The
  area
  under
  this
  curve
  denoted
  by
  ‘G’
  in
Figs.
  11
  and
  12
  could
  not
  be
  explained
  reasonably
  under
  this
  study.
Since
 the
 area
 of
 that
 part
 is
 small,
 it
 was
 ignored
 in
 the
 calculations.
The
  direct
  droplet
  evaporation
  could
  not
  be
  separated
  from
  the
canopy
 evaporation.
 However,
 the
 very
 small
 increase
 in
 total
 evap-
oration
  for
  sprinkler
  irrigation
  over
  a
  bare
  soil
  (Uddin
  et
  al.,
  2013)
suggests
  that
  the
  droplet
  evaporation
  rate
  will
  be
  very
  low.
  This
supposition
  is
  supported
  by
  theoretical
  studies
  of
  Thompson
  et
  al.
(1993b,
  1997)
  who
  suggested
  that
  droplet
  evaporation
  is
  typically
less
  than
  1%
  and
  sometimes
  negligible.
4.4.
  Effect
  of
  irrigation
  on
  atmospheric
  demand
It
  is
  well
  documented
  that
  during
  irrigation,
  the
  atmospheric
demand
 in
 the
 irrigated
 area
 is
 suppressed
 signiﬁcantly
 due
 to
 mod-
iﬁcation
  of
  microclimate.
  Similar
  results
  were
  found
  in
  this
  study
as
  shown
  in
  Fig.
  13.
  The
  atmospheric
  demand
  was
  lower
  within
  the
Fig.
  11.
  Reference
  ET
  (ETref),
  actual
  ET
  (ETecadj)
  and
  sapﬂow
  (F)
  for
  the
  impact
  sprinklers
  on
  DOY
  103.44 J.
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  et
  al.
  /
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Fig.
  12.
  Nondimensionalised
  evapotranspiration
  (ET)
  and
  sapﬂow
  (F)
  for
  the
  impact
  sprinklers
  on
  DOY
  103.
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Fig.
  13.
  Comparison
  of
  evaporative
  demand
  (reference
  ET)
  upwind
  and
  within
  the
  crop
  (a)
  pre-;
  (b)
  during;
  and
  (c)
  post-irrigation
  condition
  on
  a
  clear
  day
  15
  April
  2011
(DOY
  105).
irrigated
  plot
  than
  upwind
  during
  the
  irrigation,
  while
  it
  was
  much
the
  same
  as
  upwind
  pre
  and
  post
  irrigation.
Martinez-Cob
  et
  al.
  (2008)
  and
  Stambouli
  et
  al.
  (2012)
  reported
estimated
  ET
  rates
  during
  sprinkler
  irrigation
  (calculated
  using
  the
Penman–Monteith
  equation)
  that
  were
  signiﬁcantly
  lower
  than
those
  for
  the
  same
  crop
  when
  not
  being
  irrigated.
  They
  concluded
that
  ET
  decreases
  during
  irrigation
  while
  the
  present
  study
  shows
that
  actual
  ET
  increases
  (detailed
  in
  Section
  3.1).
  We
  note
  that
the
  increase
  in
  ET
  indicated
  by
  setting
  the
  bulk
  stomatal
  resis-
tance
  term
  rs of
  the
  Penman–Monteith
  equation
  (Monteith,
  1965)
to
  zero
  to
  account
  for
  the
  canopy
  wetness
  (free
  water
  surface)
  due
to
  the
  effect
  of
  irrigation
  is
  similar
  to
  that
  measured
  in
  the
  present
study.
4.5.
  Additional
  evaporation
  during
  irrigation
  and
  irrigation
efﬁciency
In
  the
  above
  sections
  it
  has
  been
  shown
  that
  the
  evaporation
during
  sprinkler
  irrigation
  was
  1.6
  times
  the
  dry
  canopy
  evapora-
tion.
  This
  gives
  the
  additional
  evaporation
  during
  irrigation
  as
  area
C
  in
  Figs.
  11
  and
  12.
  As
  well
  there
  is
  residual
  water
  remaining
  on
the
  canopy
  following
  the
  irrigation
  which
  is
  also
  evaporated
  at
  a
rate
  higher
  than
  the
  dry
  canopy
  rate
  (area
  E).
  Together
  areas
  C
  and
E
  represent
  the
  additional
  water
  that
  needs
  to
  be
  applied
  during
irrigation
  to
  satisfy
  this
  additional
  evaporation
  and
  ensure
  the
  crop
receives
  the
  amount
  of
  water
  intended.
For
  a
  typical
  irrigation
  where
  say
  30
 mm
  of
  water
  is
  required
to
  be
  applied
  over
  a
  3
 h
  period
  and
  the
  dry
  canopy
  evaporation
  is
1
 mm
 h−1 then
  the
  loss
  due
  to
  the
  additional
  evaporation
  during
and
  immediately
  after
  the
  irrigation
  would
  be
  about
  1.5
 mm
  or
  5%
of
 the
 applied
 water.
 This
 suggests
 a
 maximum
 possible
 application
efﬁciency
  of
  about
  95%
  assuming
  no
  losses
  to
  overwatering/deep
percolation.
5.
  Conclusions
The
  greatest
  effect
  of
  overhead
  sprinkler
  irrigation
  on
  the
  water
balance
  during
  irrigation
  was
  the
  increase
  in
  evapotranspiration
(ET)
  mainly
  as
  canopy
  evaporation
  and
  a
  signiﬁcant
  reduction
  in
sapﬂow/transpiration.
  The
  principal
  features
  of
  the
  ET
  and
  sapﬂow
observed
  during
  sprinkler
  irrigation
  are
  as
  follows.
• The
  rate
  of
  total
  evapotranspiration
  signiﬁcantly
  increased
  dur-
ing
  irrigation
  as
  the
  result
  of
  the
  high
  rate
  of
  evaporation
  of
water
  intercepted
  by
  the
  canopy
  plus
  any
  droplet
  evaporation
that
  occurred
  during
  ﬂight.
• The
  signiﬁcant
  increase
  in
  the
  rate
  of
  ET
  during
  irrigation
  as
  the
crop
 canopy
 developed
 indicating
 the
 greater
 interception
 capac-
ity
  of
  the
  full
  canopy.
• The
 decreasing
 rate
 of
 ET
 for
 about
 1
 h
 (for
 mature
 cotton)
 follow-
ing
  the
  cessation
  of
  irrigation
  as
  the
  residual
  intercepted
  water
on
  the
  canopy
  is
  evaporated.J.
  Uddin
  et
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• The
  very
  signiﬁcant
  reduction
  in
  transpiration
  during
  irrigation
(as
  reﬂected
  by
  the
  sapﬂow
  measurements)
  and
  the
  lag
  in
response
  of
  sapﬂow
  to
  the
  canopy
  wetting
  and
  drying.
• The
  recognition
  that
  the
  majority
  of
  the
  evaporation
  during
irrigation
 was
 evaporation
 of
 the
 water
 intercepted
 by
 the
 canopy
plus
 evaporation
 of
 the
 residual
 canopy
 interception
 immediately
following
  the
  irrigation.
• A
  reduction
  in
  the
  atmospheric
  demand
  within
  the
  irrigated
  plot
due
  to
  the
  modiﬁcation
  of
  the
  microclimate
  by
  the
  sprinklers,
while
  at
  the
  same
  time
  the
  actual
  ET
  measured
  by
  the
  energy
budget/ECV
  method
  increased.
References
Allen,
  R.G.,
  Pereira,
  L.S.,
  Raes,
  D.,
  Smith,
  M.,
  1998.
  Crop
  Evapotranspiration-
Guidelines
  for
  Computing
  Crop
  Water
  Requirements.
  FAO
  Irrigation
  and
Drainage
  Paper
  56.
  FAO,
  Rome.
Bosveld,
  F.C.,
  Bouten,
  W.,
  2003.
  Evaluating
  a
  model
  of
  evaporation
  and
  transpi-
ration
  with
  observations
  in
  a
  partially
  wet
  Douglas-ﬁr
  forest.
  Boundary-Layer
Meteorology
  108,
  365–396.
Brewer,
  C.,
  Smith,
  W.,
  Vogelmann,
  T.,
  1991.
  Functional
  interaction
  between
  leaf
trichomes,
  leaf
  wettability
  and
  the
  optical
  properties
  of
  water
  droplets.
  Plant,
Cell
  &
  Environment
  14
  (9),
  955–962.
Cavero,
  J.,
  Medina,
  E.,
  Puig,
  M.,
  Martínez-Cob,
  A.,
  2009.
  Sprinkler
  irrigation
  changes
maize
  canopy
  microclimate
  and
  crop
  water
  status,
  transpiration,
  and
  tempera-
ture.
  Agronomy
  Journal
  101
  (4),
  855.
De
  Wrachien,
  D.,
  Lorenzini,
  G.,
  2006.
  Modelling
  spray
  ﬂow
  and
  waste
  in
  sprin-
kler
  irrigation
  practice:
  an
  overview.
  Actual
  Tasks
  on
  Agricultural
  Engineering
Proceedings
  34,
  227–250.
Forseth,
  I.N.,
  1990.
  Function
  of
  leaf
  movements.
  In:
  Satter,
  R.L.,
  Gorton,
  H.L.,
  Vogel-
man,
  T.C.
  (Eds.),
  The
  Pulvinus:
  Motor
  Organ
  for
  Leaf
  Movement.
  The
  American
Society
  of
  Plant
  Physiologists,
  Rockville,
  pp.
  238–261.
Ishibashi,
  M.,
  Terashima,
  I.,
  1995.
  Effects
  of
  continuous
  leaf
  wetness
  on
  pho-
tosynthesis:
  adverse
  aspects
  of
  rainfall.
  Plant,
  Cell
  &
  Environment
  18
  (4),
431–438.
Kume,
 T.,
 Kuraji,
 K.,
 Yoshifuji,
 N.,
 Morooka,
 T.,
 Sawano,
 S.,
 Chong,
 L.,
 2006.
  Estimation
of
 canopy
 drying
 time
 after
 rainfall
 using
 sapﬂow
 measurements
 in
 an
 emergent
tree
  in
  a
  lowland
  mixed
  dipterocarp
  forest
  in
  Sarawak,
  Malaysia.
  Hydrological
Processes
  20
  (3),
  565–578.
Kohl,
  K.,
  Kohl,
  R.,
  De
  Boer,
  D.,
  1987.
  Measurement
  of
  low
  pressure
  sprinkler
  evapo-
ration
  loss.
  Transactions
  of
  the
  ASAE
  30,
  1071–1074.
McNaughton,
  K.G.,
  Black,
  T.A.,
  1973.
  A
  study
  of
  evapotranspiration
  from
  a
  Douglas
ﬁr
  forest
  using
  the
  energy
  balance
  approach.
  Water
  Resources
  Research
  9
  (6),
1579–1590.
Mahrt,
 L.,
 1998.
  Flux
 sampling
 errors
 for
 aircraft
 and
 towers.
 Journal
 of
 Atmospheric
and
  Oceanic
  Technology
  15
  (2),
  416–429.
Martinez-Cob,
  A.,
  Playan,
  E.,
  Zapata,
  N.,
  Cavero,
  J.,
  Medina,
  E.,
  Puig,
  M.,
  2008.
  Contri-
bution
 of
 evapotranspiration
 reduction
 during
 sprinkler
 irrigation
 to
 application
efﬁciency.
  Journal
  of
  Irrigation
  and
  Drainage
  Engineering
  134
  (6),
  745–757.
Massman,
  W.,
  Clement,
  R.,
  2004.
  Uncertainty
  in
  eddy
  covariance
  variance
  ﬂux
  esti-
mates
  resulting
  from
  spectral
  attenuation.
  In:
  Lee,
  X.,
  Massman,
  W.,
  Law,
  B.
(Eds.),
  Handbook
  of
  Micrometeorology—A
  Guide
  for
  Surface
  Flux
  Measurement
and
  Analysis.
  Kluwer
  Academic
  Publisher,
  USA,
  pp.
  67–99.
Monteith,
  J.L.,
  1965.
  Evaporation
  and
  environment.
  Symposia
  of
  the
  Society
  for
Experimental
  Biology
  19,
  205–234.
NCEA,
  2005.
  Laundry
  Grey
  Water
  Potential
  Impact
  on
  Toowoomba
  Soils.
  NCEA
Publication
  (NCEA
  1001420/2),
  National
  Centre
  for
  Engineering
  in
  Agriculture
University
  of
  Southern
  Queensland,
  Toowoomba,
  Australia.
Norman,
  J.M.,
  Campbell,
  G.S.,
  1983.
  Application
  of
  a
  plant-environmental
  model
  to
problems
  in
  irrigation.
  Advances
  in
  Irrigation
  2,
  155–188.
Playan,
  E.,
  Salvador,
  R.,
  Faci,
  J.,
  Zapata,
  N.,
  Martínez-Cob,
  A.,
  Sánchez,
  I.,
  2005.
  Day
and
  night
  wind
  drift
  and
  evaporation
  losses
  in
  sprinkler
  solid-sets
  and
  moving
laterals.
  Agricultural
  Water
  Management
  76
  (3),
  139–159.
Seginer,
 I.,
 Kantz,
 D.,
 Nir,
 D.,
 1991.
  The
 distortion
 by
 wind
 of
 the
 distribution
 patterns
of
  single
  sprinklers.
  Agricultural
  Water
  Management
  19,
  341–359.
Singh,
  B.,
  Szeicz,
  G.,
  1979.
  The
  effect
  of
  intercepted
  rainfall
  on
  the
  water
  balance
  of
a
  hardwood
  forest.
  Water
  Resources
  Research
  15
  (1),
  131–138.
Stewart,
 J.,
 1977.
  Evaporation
 from
 the
 wet
 canopy
 of
 a
 pine
 forest.
 Water
 Resources
Research
  13
  (6),
  915–921.
Stambouli,
  T.,
  Martınez-Cob,
  A.,
  Faci,
  J.M.,
  Howell,
  T.,
  Zapata,
  N.,
  2012.
  Sprinkler
evaporation
  losses
  in
  alfalfa
  during
  solid-set
  sprinkler
  irrigation
  in
  semi-
arid
  areas.
  Irrigation
  Science,
  http://dx.doi.org/10.1007/s00271-012-0389-2
http://www.springerlink.com/content/y028548v747g2638/
Tarjuelo,
  J.M.,
  Ortega,
  J.F.,
  Montero,
  J.,
  de
  Juan,
  J.A.,
  2000.
  Modelling
  evaporation
  and
drift
  losses
  in
  irrigation
  with
  medium
  size
  impact
  sprinklers
  under
  semi-arid
conditions.
  Agricultural
  Water
  Management
  43
  (3),
  263–284.
Thompson,
  A.L.,
  Gilley,
  J.R.,
  Norman,
  J.M.,
  1993a.
  A
  sprinkler
  water
  droplet
  evapora-
tion
  and
  plant
  canopy
  model:
  I.
  Model
  development.
  Transactions
  of
  the
  ASAE
36
  (3),
  735–741.
Thompson,
  A.L.,
  Gilley,
  J.R.,
  Norman,
  J.M.,
  1993b.
  A
  sprinkler
  water
  droplet
  evapo-
ration
  and
  plant
  canopy
  model:
  II.
  Model
  application.
  Transactions
  of
  the
  ASAE
36
  (3),
  743–750.
Thompson,
  A.L.,
  Martin,
  D.L.,
  Norman,
  J.M.,
  Tolk,
  J.A.,
  Howell,
  T.A.,
  Gilley,
  J.R.,
  1997.
Testing
  of
  a
  water
  loss
  distribution
  model
  for
  moving
  sprinkler
  systems.
  Trans-
actions
  of
  the
  ASAE
  40
  (1),
  81–88.
Tolk,
  J.A.,
  Howell,
  T.A.,
  Steiner,
  J.L.,
  Krieg,
  D.R.,
  Schneider,
  A.D.,
  1995.
  Role
  of
  transpi-
ration
  suppression
  by
  evaporation
  of
  intercepted
  water
  in
  improving
  irrigation
efﬁciency.
  Irrigation
  Science
  16
  (2),
  89–95.
Twine,
  T.E.,
  Kustas,
  W.,
  Norman,
  J.,
  Cook,
  D.,
  Houser,
  P.,
  Meyers,
  T.,
  2000.
  Correcting
eddy-covariance
  ﬂux
  underestimates
  over
  a
  grassland.
  Agricultural
  and
  Forest
Meteorology
  103
  (3),
  279–300.
Uddin,
  J.,
  Hancock,
  N.H.,
  Smith,
  R.J.,
  Foley,
  J.P.,
  2013.
  Measurement
  of
  evapotranspi-
ration
  during
  sprinkler
  irrigation
  using
  a
  precision
  energy
  budget
  (Bowen
  Ratio,
eddy
  covariance)
  methodology.
  Agricultural
  Water
  Management
  116,
  89–100.
Williams,
  D.,
  Cable,
  W.,
  Hultine,
  K.,
  Hoedjes,
  J.,
  Yepez,
  E.,
  Simonneaux,
  V.,
  2004.
Evapotranspiration
 components
 determined
 by
 stable
 isotope,
 sapﬂow
 and
 eddy
covariance
 techniques.
 Agricultural
 and
 Forest
 Meteorology
 125
 (3/4),
 241–258.
Yazar,
 A.,
 1984.
  Evaporation
 and
 drift
 losses
 from
 sprinkler
 irrigation
 systems
 under
various
  operating
  conditions.
  Agricultural
  Water
  Management
  8
  (4),
  439–449.
Yonts,
  C.D.,
  Kranz,
  W.L.,
  Martin,
  D.L.,
  2007.
  Water
  Loss
  from
  Above-Canopy
  and
  in-
Canopy
  Sprinklers.
  Institute
  of
  Agriculture
  and
  Natural
  Resources,
  University
  of
Nebraska,
  Lincoln,
  Nebraska.